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Viroids are autonomously replicating plant-specific pathogens that consist of a single-stranded, highly complementary, circular RNA without capsids or any detectable translational open reading frame (ORF). The *Hop stunt viroid* (HSVd), a member of the *Hostuviroid* genus within the *Pospiviroidae* family, is a typical viroid species that infects the common hop plants, citrus plants, and grapevines. The genome of HSVd contains five structural domains: two terminal regions, left (TL) and right (TR), pathogenic (P), variable (V), and central (C) domains, with a central conserved region (CCR) \[[@CR1]\].

RNA silencing is a common antiviral mechanism in diverse eukaryotic hosts, and is also reported to be effective in defense against viroids in several plants \[[@CR2]--[@CR5]\]. Virus/viroid-derived small interfering RNAs (vsiRNAs) generated during this process were found to overlap with each other in sequence and can be assembled back into long contigs of the invading viral/viroid genome \[[@CR5]\]. Based on this principle, our former work has proposed that the deep sequencing approach, combined with bioinformatics analysis, can be used to identify viruses through the assembly of virus derived small RNAs \[[@CR6]\]. This approach provides a method to detect and identify covert viruses and previously undescribed virus groups during routine diagnosis, particularly for viruses with extremely low titer or without any prior pathogenic information. Here, we found that presence of HSVd-derived small RNAs (HSVd-siRNAs) in *C. limon*, suggesting that HSVd could infect *C. limon* and potentially be a pathogen leading to diseased *C. limon*, and we also supplied the high-resolution profiling of HSVd-siRNAs. The roles played by these small RNAs were discussed.

*C. limon* leaf samples were collected in September 2012 from a lemon orchard in the city of DeHong, Yunnan province, China. The *C. limon* tree displayed stunting, leaf roll and mottle symptoms (Fig. [1](#Fig1){ref-type="fig"}), along with poor yield. Total RNAs were extracted using Trizol Reagent following the manufacturer's instructions (Invitrogen, CA, USA). Total small RNAs ranging from 18 to 28 nucleotides (nt) were excised from 15 % polyacrylamide gel (PAGE) for ligation to 3′ and 5′ adaptors. After purification by electrophoresis, the final ligation products were reverse-transcribed and a cDNA library was constructed. After sequencing and trimming the adaptor sequences, 18--28 nt short reads were collected. The velvet program was chosen for genome assembly with 17 nucleotides as the minimal overlapping length (k-mer) required for joining two siRNAs into a contiguous sequence (contig) \[[@CR5]--[@CR7]\]. Assembly of 1.76 million vsiRNAs yielded 2613 contigs, including 535 contigs with lengths above 80 nt and 2078 with lengths below 80 nt. These assembled contigs were then aligned with the BLASTN program using the standard parameters in genome assembly (contigs with ≥90 % similarity). One long contig (294-nt), homologous to the nucleotide sequence of *Hop stunt viroid*-citrus strain with 100 % similarity (Accession No. FJ716188) was detected. This contig covered 97.35 % of the whole HSVd genome, lacking only the first 10 nucleotides. Subsequently, the existence of an intact HSVd genome in *C. limon* was verified by reverse transcriptase PCR using a pair of back-to-back primers (Fig. [2](#Fig2){ref-type="fig"}). (Forward primer: 5′-CCAACCTGCTTTTTGTCTATCTGAG-3′ and reverse primer: 5′-AAGACGAACCGAGAGGTGATGC-3′). The integrity of the amplified genome was verified by sequencing, and we found that the whole genome of our HSVd shared 100 % similarity with the HSVd CC-D isolate 1 (Accession No. FJ716188).Fig. 1The symptom of *Citrus limon* leaves after infection with HSVd. Lanes 1--3 represent the symptom of different leaves from the same *Citrus limon* treeFig. 2Reverse transcriptase PCR amplification of HSVd with a specific back-to-back primer. Lane 1, DNA ladder; Lane 2, healthy control; Lane 3, HSVd infected *Citrus limon* sample

To characterize and profile the HSVd-siRNAs along the viral genome, we aligned small RNA sequences with the HSVd genomic and antigenomic RNA sequences using bowtie tools and allowed zero mismatches \[[@CR8]\]. The percentages of 20 to 24-nt HSVd-siRNAs identified in the viroid are shown in Fig. [3a](#Fig3){ref-type="fig"}; the 21-nt vsiRNAs predominate and account for almost 40 % of the total HSVd-siRNAs. 22-nt and 24-nt viroid-derived small RNAs account for 30.06 % and 17.22 % respectively. Our results are consistent with former reports that 21-nt vsiRNAs are predominant in viroid-infected plants \[[@CR9], [@CR10]\]. Furthermore, analysis of polarity distribution of the HSVd-siRNAs showed that HSVd-siRNAs were derived almost equally from the plus and minus strands of genome RNA (Fig. [3b](#Fig3){ref-type="fig"}), indicating that they might be produced from viroid replication intermediates during viroid replication by plant silencing machinery, and not by degradation of a plus-stranded viroid genomic RNA.Fig. 3Profile of HSVd-siRNAs. 3**a**, Size distributions of vsiRNA sequences matching viroid genome. 3**b**, Statistical analysis of HSVd-siRNAs mapped to the genomic (+) or antigenomic (−) sequences. 3**c**, Relative frequency of 5′ terminal nucleotide, and the vsiRNAs were analyzed for both whole level (total) and different-sized species. 3**d**, Most HSVd-siRNAs derived from C (Central) and V (Variant) domains

Previous studies have indicated that the 5′ terminal nucleotides of siRNAs have a pivotal role in directing the siRNAs to specific AGO complexes \[[@CR11]\]. In contrast with the observations for diverse plant virus-specific small RNAs, which display a clear tendency to begin with Uracil (U) or Adenine (A) \[[@CR12], [@CR13]\], HSVd-siRNAs with a Guanine (G) at their 5′-end are the most abundant, and account for about 30.06 %, those with A, Cytosine (C) and U at their 5′-end are less recovered (27.22 %, 22.85 %, and 19.87 %, respectively) (Fig. [3c](#Fig3){ref-type="fig"}). To gain further insight into HSVd-siRNA biogenesis and sorting, the sequence complexity of these small RNAs was analyzed for different-sized species. For 21-nt HSVd-siRNAs, a clear preference for G and A as the 5′ terminal nucleotides is observed, however, a strong bias for sequences beginning with a 5′-C is observed in the 22-nt vd-siRNAs, indicative of sRNAs with high binding affinity for *Arabidopsis* AGO5-like Argonaute protein in *C. limon* (Fig. [3c](#Fig3){ref-type="fig"}). Our results are also consistent with former findings that 5′-C sRNAs in the AGO5 complex are mostly 22-nt in length in Arabidopsis \[[@CR11]\]. Moreover, the role of AGO5 in RNA silencing has never been established and former works suggest that the loading of viroid derived sRNAs to AGOs with little or no intrinsic activity in the defense mechanism could contribute to the prevention of RISC-mediated degradation of viroid mature forms \[[@CR1]\]. In addition, a bias for sequences beginning with a 5′-G was unexpected. 5′-G small RNAs were shown to be able to bind to *Arabidopsis* AGOs with less preference, and there have been no reports of 5′-G directing the siRNAs to specific AGO complexes \[[@CR11]\]. The roles of this kind of small RNAs in the arm race between viroids and plants remain unclear, and we can't rule out the possibility that *C. limon* could encode some other AGOs that interact with this class of small RNAs.

Additionally, single-base resolution maps of all redundant HSVd-siRNAs along with the genomes were created using bowtie tools and in-house Perl scripts \[[@CR12]\]. Our results showed that HSVd-siRNAs could cover almost the entire viroid genome; however, there were two significant hotspots of small RNAs along the viroid genome, mainly localized in the regions between the end of central domain and variable domain (bases from 90 to 126, and from 185 to 220) (Fig. [3d](#Fig3){ref-type="fig"}). Approximately 82 % plus-and 76 % minus-strand HSVd-siRNAs mapped to only these two regions, indicating that certain regions of the viroid genome are preferentially targeted by dicers in *C. limon*. This result is consistent with a former work on HSVd infected grapevine, which found that most of the HSVd-siRNAs were also derived from variable (V) and central (C) domains \[[@CR8]\]. Recent findings show that many viroid infections are associated with the appearance of viroid-specific small RNAs \[[@CR9], [@CR10], [@CR14]\]. These RNAs have sizes similar to endogenous small interfering RNA and microRNA, and thus might alter normal gene expression in the host plants. Beatriz Navarro et al. found that two *Peach latent mosaic viroid*-derived small RNAs could target and cleave the mRNA encoding chloroplastic heat-shock protein 90 directly, causing albinism in peach leaves \[[@CR15]\]. GomeZ et al. also found that HSVd-induced symptoms in plants are dependent on RDR6 activity, indicating that the involvement of the viroid-specific small RNAs may be associated with viroid pathogenesis \[[@CR16]\]. Cachexia disease of citrus, with symptoms including discoloration, gumming and browning of phloem tissue, wood pitting, and bark cracking, is known to be determined by a "cachexia expression motif" of five to six nucleotides located in the variable domain \[[@CR17]\]. Moreover, P. Serra et al.*,* found that a single nucleotide change in the "cachexia expression motif" could modulate citrus cachexia symptoms \[[@CR18]\]. Our hypothesis is that the hotspot profiles of HSVd-siRNA from these domains may be related to pathogenic symptoms through regulation of *C. limon* gene expression. Therefore, based on the findings that sequence from No. 1 to 8 nt at the 5′-end of the miRNA has been observed to have a high degree of perfect complementariness to the target mRNA sequence \[[@CR19]\], an algorithm was created with perl script and was used for selective extraction of the HSVd-siRNAs that allowed the first ten nucleotides at the 5′-end could cover the "cachexia expression motif" (loci 102--108, and loci 193--199). The 87 non-redundant HSVd-siRNAs were then used for target genes prediction by psRNATarget tools (cut-off threshold \<2.0) \[[@CR20]\], and the five target genes with highest value, as well as their related functions in symptom development, were listed in Table [1](#Tab1){ref-type="table"}. The possibilities that these five genes might be targeted by its corresponding HSVd-siRNA were also validated by using other miRNA target prediction software (RNA22, data not shown) \[[@CR21]\]. Therefore, testing whether HSVd-siRNAs may actually have any direct biological impact on expression of these genes could be an interesting aim for future studies.Table 1Predicted citrus mRNAs annotated as transcripts and targeted by HSVd-siRNAsHSVd-siRNA No.sRNA 5′-end^a^Alignment^b^Score^c^Citrus transcript target^d^Target predicted function1103siRNA GAGAGAGGAUGCGGAGAGCGA2.0Orange1.1 g021690E3 ubiquitin-protein ligase RING1-like**∶∶∶∶∶∶∶∶∶∶∶.∶∶∶∶∶.∶∶∶**Target CUCUCUCCGACGUCUCUUGCU2102siRNA AGAGAGGAUGCGGAGAGCGAC2.0Cs5g11500.1Cysteine\--tRNA ligase**∶∶ ∶∶∶∶∶∶∶ ∶∶∶∶∶∶∶∶∶**Target UCGCUCCUACACCUCUCGCUC3198siRNA UCUUCCAUUUUCUUCUUCCCU2.0TC24583COP9 signalosome complex subunit 6a**∶∶∶∶∶∶ . . ∶∶∶∶∶∶∶∶∶∶∶∶**Target AGAAGGAGGAAGAAGAAGGGA4105siRNA GGAGAGAGGAUGCGGAGAGC2.0Cs8g10955.1S-adenosylmethionine synthase 3**∶∶∶∶∶∶∶∶∶ ∶∶∶∶∶∶∶∶∶**Target CUCUCUCCGACGUCUCUUGCU5199siRNA CUUCCAUUUUCUUCUUCCCUG2.0EY709257Pherophorin-C1 protein**∶∶∶ ∶∶∶∶∶∶∶∶∶∶∶∶∶∶∶∶**Target GAACGUAAAAGAAGAAGGGAG^a^Location of HSVd-siRNA 5′ termini in the viroid genome^b^Alignments between HSVd-siRNAs with predicted citrus mRNAs. HSVd-siRNAs were shaded in red^c^The score of the complementarity between small RNA and their target transcript following the scoring schema of miRU by Zhang \[[@CR22]\]^d^Three *Citrus sinensis* database (transcript, cDNA, and Unigene) from the psRNATarget website were used for prediction
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